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An electrical machine (20) comprising a stator (21) and a
rotor (22) rotatably supported relative to the stator (21) is
disclosed. The rotor (22) comprises two first recesses (23)
and at least one second recess (24), wherein an air gap (25)
is arranged between the stator (21) and the rotor (22), the
two first recesses (23) are arranged in the rotor (22) and
extend completely through the rotor (22) from the air gap
(25) to a shaft (26) on which the rotor (22) is arranged, the
two first recesses (23) are arranged in a manner displaced
relative to one another by less than 180° along the circum-
ference of the rotor (22), the at least one second recess (24)
is arranged in a manner displaced relative to the first recesses
(23) by at least 90° along the circumference of the rotor (22),
the at least one second recess (24) does not extend through
the rotor (22) to the shaft (26), and a first permanent magnet
(27) is arranged each in the first recesses (23) and/or a
second permanent magnet (28) is arranged each in the at
least one second recess (24). In addition, a method of
operating the electrical machine (20) is provided.
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ELECTRICAL MACHINE AND METHOD OF
OPERATING THE ELECTRICAL MACHINE

[0001] The present application relates to an electrical
machine and a method of operating the electrical machine.
[0002] Typically, electrical machines comprise a stator
and a rotor movable relative thereto. Electrical machines can
operate as a motor or as a generator, whereby electrical
energy is converted into kinetic energy or vice versa. In
operation, a rotor magnetic field interacts with a magnetic
field of the stator.

[0003] To generate a rotor magnetic field, the rotor may
have permanent magnets. The use of permanent magnets has
the advantage that there are many different ways to arrange
the permanent magnets in the rotor, which is why there are
several ways to optimize the efficiency of the electrical
machine.

[0004] However, the permanent magnets usually account
for a large portion of the total costs of the electrical machine.
[0005] One object to be achieved is to specify an electrical
machine which can be operated efficiently. Another object to
be achieved is to specify an efficient method of operating the
electrical machine.

[0006] The object is achieved by the subject-matter of the
independent patent claim. Advantageous embodiments and
further improvements are specified in the subclaims.
[0007] According to at least one embodiment of the elec-
trical machine, the electrical machine comprises a stator and
a rotor rotatably mounted with respect to the stator. The
stator may comprise a stator winding. For this purpose, the
stator may have slots in which the stator winding is
arranged. The stator winding can be connected to power
electronics and be designed to generate a rotating field. The
rotor may be an internal rotor or an external rotor. If the rotor
is an internal rotor, an outer surface of the rotor is facing the
stator. The rotor may be arranged on a shaft. In addition, the
rotor has an axis of rotation.

[0008] The rotor includes two first recesses. The first
recesses may be cavities in the rotor. The rotor may include
a rotor core which includes a core material. The two first
recesses are free of any core material. The core material may
be iron. The first recesses may extend completely through
the rotor along the axis of rotation of the rotor. The rotor may
have exactly two first recesses.

[0009] The rotor further comprises at least one second
recess. The second recess may be a cavity in the rotor. The
second recess is free of any core material of the rotor. The
second recess may extend completely through the rotor
along the axis of rotation of the rotor. The rotor may have
exactly one second recess. Alternatively, the rotor may have
exactly two second recesses.

[0010] An air gap is arranged between the stator and the
rotor. The air gap may extend between the stator and the
rotor in a direction extending in parallel to the axis of
rotation of the rotor.

[0011] The two first recesses are arranged in the rotor and
extend completely through the rotor from the air gap to a
shaft on which the rotor is arranged. This means that the first
recesses are at least partially surrounded by the rotor. The
first recesses may be surrounded at least partially by the
material of the rotor. The first recesses are each adjacent to
the air gap. From the air gap, the first recesses each extend
along a radial direction in a cross-section through the rotor
to the shaft. The cross-section through the rotor extends in
a plane that is perpendicular to the axis of rotation of the
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rotor. The first recesses are directly adjacent to the shaft. The
first recesses may have a straight shape. This means that the
first recesses may extend along a straight line from the air
gap to the shaft.

[0012] The two first recesses are arranged in a manner
displaced relative to one another by less than 180° along the
circumference of the rotor. This means that the two first
recesses are arranged in a manner displaced relative to one
another by less than 180° along the circumference of the
rotor in a cross-section through the rotor. Thus, the main
directions of extension of the first recesses include an angle
of less than 180° between them in a cross-section through
the rotor.

[0013] The at least one second recess is arranged in a
manner displaced relative to the first recesses by at least 90°
along the circumference of the rotor This means that the at
least one second recess is arranged in a cross-section
through the rotor in a manner displaced by at least 90° along
the circumference of the rotor relative to the first recesses.
Thus, the at least one second recess is arranged in a manner
spaced apart from the first recesses. Thus, the position at
which the second recess is arranged, is arranged in a manner
displaced from the positions of the first recesses along the
circumference of the rotor by at least 90°.

[0014] The at least one second recess does not extend
through the rotor to the shaft. This means that the second
recess extends partially through the rotor, but not all the way
to the shaft. The second recess may be arranged entirely
within the rotor. This means that, in a cross-section through
the rotor, the second recess may be surrounded by the rotor
on all sides. The second recess may have a different geo-
metric shape than the first recesses.

[0015] A first permanent magnet is arranged each in the
first recesses and/or a second permanent magnet is arranged
in the at least one second recess. The first permanent
magnets may have the same size and the same shape. The
second permanent magnet may have a different size or a
different shape than the first permanent magnets. The first
permanent magnets each do not completely fill the first
recesses. The second permanent magnet does not completely
fill the second recess. The first permanent magnets and the
second permanent magnet each have a magnetic axis. The
magnetic axis extends in parallel to the direction of mag-
netization of the respective magnets. This means that the
magnetic axis connects the two poles of each permanent
magnet.

[0016] Thus, there are three different possibilities of
designing the rotor: a first permanent magnet is arranged
each in the first recesses and the second recess is free of a
permanent magnet, a second permanent magnet is arranged
in the second recess and the first recesses are free of
permanent magnets, or a first permanent magnet is arranged
each in the first recesses and a second permanent magnet is
arranged in the second recess.

[0017] For a rotor, in which a first permanent magnet is
arranged each in the first recesses and a second permanent
magnet is arranged in the second recess, the rotor magnetic
field excited by the permanent magnets has four poles. The
properties of the rotor magnetic field depend, among other
things, on the geometric extension of the permanent magnets
in the rotor and the arrangement of non-magnetic material in
the rotor. Therefore, the rotor magnetic field has four poles,
even if the number of permanent magnets in the rotor is less
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than four. Thus, the number of permanent magnets in the
rotor can be less than the number of poles of the rotor
magnetic field.

[0018] This has the advantage that the number of perma-
nent magnets required can thus be reduced. Normally,
permanent magnets contribute to the costs of the rotor
significantly. In the case of the rotor described here, less than
four permanent magnets are required for a rotor magnetic
field having four poles. The costs of the rotor can be reduced
substantially by reducing the number of permanent magnets
required or by reducing the size of the permanent magnets
of the rotor.

[0019] Furthermore, with the electrical machine described
herein, it is possible to use a component of the magneto-
motive force of the rotor of an order greater than 1 for torque
generation. The magnetomotive force of the rotor may have
components of different harmonic orders. Another expres-
sion of the magnetomotive force is the field excitation curve.
For example, if the component of the magnetomotive force
of the rotor of the order of 3 has a non-zero magnetic flux
density, said component can be used for torque generation.
The design of the rotor described herein is optimized for
operation of the electrical machine using a component of the
magnetomotive force of an order greater than 1 for torque
generation. As a result, the electrical machine can be oper-
ated efficiently.

[0020] According to at least one embodiment of the elec-
trical machine, the rotor magnetic field excited by the first
and the at least one second permanent magnets have four
poles. This means that the rotor magnetic field has two pairs
of poles. Thus, the rotor with only three permanent magnets
has a rotor magnetic field with four poles. As a result, the
number of permanent magnets required can be kept low and
the manufacturing costs of the electrical machine can be
reduced.

[0021] According to at least one embodiment of the elec-
trical machine, the magnetic axes of the first permanent
magnets point in opposite directions along the circumfer-
ence of the rotor. This means that the magnetic axes of the
first permanent magnets point away from one another along
the circumference of the rotor. In a cross-section through the
rotor, the magnetic axes of the first permanent magnets may
point in opposite directions along the circumference of the
rotor. In a cross-section through the rotor, the magnetic axes
of the first permanent magnets may include an angle greater
than 180° between them. Advantageously, in this arrange-
ment, a component or components of the magnetomotive
force of the rotor that is used to generate torque can be
amplified and components or a component of the magneto-
motive force that is not used to generate torque can be
suppressed. As a result, the electrical machine can be
operated efficiently.

[0022] According to at least one embodiment of the elec-
trical machine, the magnetic axes of the first permanent
magnets each extend perpendicularly to a radial direction in
a cross-section through the rotor. The radial directions
extend in a cross-section through the rotor from the shaft
toward the air gap. The magnetic axes of the first permanent
magnets extend perpendicularly to the respective radial
direction extending through the respective first permanent
magnet. Thus, advantageously a component or components
of the magnetomotive force of the rotor that is used to
generate torque can be amplified, and components or a
component of the magnetomotive force that is not used to
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generate torque can be suppressed. Thus, the electrical
machine can be operated efficiently.

[0023] According to at least one embodiment of the elec-
trical machine, an electrically insulating material or a gas is
arranged at least in some places in the first recesses. The
electrically insulating material is non-magnetic. The electri-
cally insulating material or the gas each may completely fill
the first recesses. Alternatively, the electrically insulating
material or the gas may fill the area of the first recesses, in
which no first permanent magnet is arranged. Thus, a first
permanent magnet and the electrically insulating material or
the gas each may completely fill a first recess. In this regard,
the electrically insulating material or the gas may be
arranged adjacent to the air gap as well as adjacent to the
shaft. Thus, the first permanent magnet in the first recess
may be surrounded by the electrically insulating material or
the gas on two sides. The gas may be air. In those areas
where the electrically insulating material or the gas is
arranged, the resistance for the magnetic flux density is
increased in comparison to the surrounding rotor material.
Arranging the electrically insulating material or the gas
adjacent to the air gap and adjacent to the shaft allows for as
few closed field lines as possible to be present in the rotor.
This means that losses in the rotor are minimized. Thus, the
electrical machine can be operated efficiently.

[0024] According to at least one embodiment of the elec-
trical machine, the first recesses are each larger than the first
permanent magnet arranged therein. This can mean that the
first recesses each have a larger geometric extension than the
first permanent magnet arranged therein. In particular, the
first recesses are each larger in a cross-section through the
rotor than the first permanent magnet arranged therein. This
allows for an electrically insulating material or a gas to be
arranged together with a first permanent magnet in a respec-
tive first recess. This allows for an efficient operation of the
electrical machine.

[0025] According to at least one embodiment of the elec-
trical machine, the at least one second recess is larger than
the second permanent magnet. This may mean that the
second recess has a larger geometric extension than the
second permanent magnet arranged therein. In particular, the
second recess is larger in a cross-section through the rotor
than the second permanent magnet arranged therein. For
example, the second recess extends farther along the cir-
cumference of the rotor than the second permanent magnet.
This allows for an electrically insulating material or a gas to
be arranged together with the second permanent magnet in
the second recess. This allows for an efficient operation of
the electrical machine.

[0026] According to at least one embodiment of the elec-
trical machine, an electrically insulating material or a gas is
arranged at least in some places in the at least one second
recess. The electrically insulating material is non-magnetic.
The electrically insulating material or the gas may com-
pletely fill the second recess. Alternatively, the electrically
insulating material or the gas may fill the area of the second
recess in which no second permanent magnet is arranged.
Thus, a second permanent magnet and the electrically insu-
lating material or the gas may completely fill the second
recess. In this regard, the electrically insulating material or
the gas may be arranged along the circumference of the rotor
at both ends of the second permanent magnet. This means
that the second recess can extend farther along the circum-
ference of the rotor than the second permanent magnet
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arranged therein. The second permanent magnet may be
centered within the second recess. The electrically insulating
material or the gas may be arranged in the peripheral regions
of the second recess that are not filled by the second
permanent magnet. Thus, the second permanent magnet can
be surrounded by the electrically insulating material or the
gas on two sides. The second recess may be directly adjacent
to the air gap. The gas may be air. Thus, air from the air gap
can be arranged in the peripheral regions of the second
recess. Arranging the electrically insulating material or the
gas in the areas of the second recess which are not filled by
the second permanent magnet allows for as few closed field
lines as possible to be present in the rotor. This means that
losses in the rotor are minimized. Thus, the electrical
machine can be operated efficiently.

[0027] According to at least one embodiment of the elec-
trical machine, the at least one second permanent magnet has
a curved shape. The second permanent magnet may extend
in some places along the circumference of the rotor. Thus,
the second permanent magnet may have the shape of a
segment of a circle. This shape of the second permanent
magnet allows for the rotor, which likewise comprises two
first permanent magnets, to have a magnetic field with four
poles. Overall, the required number of permanent magnets
and the manufacturing costs of the electrical machine can
thus be reduced.

[0028] According to at least one embodiment of the elec-
trical machine, the at least one second recess is directly
adjacent to the air gap. The second recess may extend
directly from the air gap and into the rotor. The second
recess may extend in a cross-section through the rotor in the
radial directions from the air gap toward the shaft. In this
respect, the second recess extends only partially and not
through the rotor to the shaft. This allows for any easy
fabrication of the second recess and an easy insertion of the
second permanent magnet into the second recess.

[0029] According to at least one embodiment of the elec-
trical machine, the at least one second recess extends along
a portion of the circumference of the rotor. This means that
the second recess has the shape of a segment of a circle. This
allows for the second permanent magnet to also have the
shape of a segment of a circle. Overall, thus the required
number of permanent magnets and the manufacturing costs
of the electrical machine can be reduced.

[0030] According to at least one embodiment of the elec-
trical machine, the at least one second recess has a main
direction of extension which is perpendicular to a radial
direction in a cross-section through the rotor. The second
recess may have a main direction of extension in a cross-
section through the rotor, which direction is perpendicular to
a radial direction in a cross-section through the rotor. In this
respect, the radial direction may extend through the center of
the second recess. The second recess extends farther along
its main direction of extension in a cross-section through the
rotor than in other directions. The second recess may be
arranged entirely within the rotor. This means that the
second recess is not adjacent to the air gap. This shape of the
second recess allows for a second permanent magnet to be
arranged in the second recess, which has a rectangular shape
in the cross-section. Thus, the second permanent magnet can
be manufactured in a simple and economical manner.

[0031] According to at least one embodiment of the elec-
trical machine, the electrical machine comprises two second
recesses arranged entirely within the rotor. A second per-
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manent magnet may be arranged in each of the second
recesses. The second recesses are not adjacent to the air gap.
The second recesses are not connected to one another. This
means that the second recesses are spaced apart from one
another in the rotor. The second recesses may have a
substantially rectangular shape in a cross-section through the
rotor. This allows for the second permanent magnets to each
have a rectangular shape in a cross-section through the rotor.
Thus, the second permanent magnets can be manufactured
in a simple and economical manner.

[0032] Furthermore, a method of operating the electrical
machine described herein is disclosed. Thus, all features of
the electrical machine described herein are also disclosed for
the method of operating the electrical machine and vice
versa.

[0033] According to at least one embodiment of the
method of operating the electrical machine, a component of
the magnetomotive force of the rotor of an order greater than
1 is used for torque generation. This means that the com-
ponent of the magnetomotive force of the rotor of the order
1, which is referred to as the fundamental wave, is not used
for torque generation. Instead, a higher harmonic of the
magnetomotive force of the rotor is used for torque genera-
tion. This means that in operation of the electrical machine
a component of the magnetomotive force of the rotor of an
order greater than 1 interacts with the magnetic field of the
stator for torque generation. For this purpose, the permanent
magnets can be arranged in the rotor in such a way that the
flux density is maximized for the component of the magne-
tomotive force of the rotor which is used for torque genera-
tion. Advantageously, the flux density of components of the
magnetomotive force of the rotor that are not used for torque
generation can also be minimized. Both of the above is
achieved by arrangement of the first recesses and the at least
one second recess described herein. This allows for an
efficient operation of the electrical machine.

[0034] Below, the electrical machine and the method of
operating the electrical machine described herein will be
explained in more detail in connection with embodiments
and the accompanying figures.

[0035] FIG. 1 shows a schematic cross-section through an
electrical machine according to an embodiment.

[0036] FIG. 2 shows a schematic cross-section through a
rotor according to an embodiment.

[0037] FIG. 3 shows a schematic cross-section through a
rotor according to another embodiment.

[0038] FIG. 4 shows the distribution of the simulated
magnetic flux density in the electrical machine shown in
FIG. 1.

[0039] FIG. 5 shows a schematic cross-section through an
electrical machine according to another embodiment.
[0040] FIG. 6 shows a schematic cross-section through an
electrical machine according to another embodiment.
[0041] FIG. 7 shows a schematic cross-section through an
electrical machine according to another embodiment.
[0042] FIG. 1 shows a schematic cross-section through an
electrical machine 20 according to an embodiment. The
electrical machine 20 comprises a stator 21 and a rotor 22
rotatably mounted with respect to the stator 21. The rotor 22
is an internal rotor which is arranged in the stator 21. That
is, in the cross-section shown, the stator 21 surrounds the
rotor 22 completely. An air gap 25 is arranged between the
stator 21 and the rotor 22.



US 2021/0265883 Al

[0043] The rotor 22 includes two first recesses 23. The two
first recesses 23 are arranged in the rotor 22 and extend
completely through the rotor 22 from the air gap 25 to a shaft
26 on which the rotor 22 is arranged. The rotor 22 comprises
a rotor core 30. The first recesses 23 extend completely
through the rotor core 30 in the cross-section shown through
the rotor 22. Each of the first recesses 23 extends along a
radial direction r through the rotor 22. Each radial direction
r extends from the center of the rotor 22 toward the air gap
25. The two first recesses 23 extend along two different
radial directions r through the rotor 22. This means that one
of the first recesses 23 extends along a radial direction r that
is different from a radial direction r along which the other of
the first recesses 23 extends.

[0044] The two first recesses 23 are arranged in a manner
displaced from one another by less than 180° along the
circumference of the rotor 22. In particular, the first recesses
23 are arranged in a manner displaced relative to one another
by less than 120° along the circumference of the rotor 22.
[0045] A first permanent magnet 27 is arranged each in the
first recesses 23. The first recesses 23 are each larger than the
first permanent magnet 27 arranged therein. This means that
the first permanent magnets 27 do not completely fill the first
recesses 23 each. In addition to the first permanent magnets
27, an electrically insulating material 29 is arranged each in
the first recesses 23. In this case, the electrically insulating
material 29 is air. Air is arranged in each of the first recesses
23 between the first permanent magnet 27 and the air gap 25.
Furthermore, air is arranged in each of the first recesses 23
between the first permanent magnet 27 and the shaft 26.
[0046] The first permanent magnets 27 each have a rect-
angular shape in the cross-section through the rotor 22. The
magnetic axes of the first permanent magnets 27 point in
opposite directions along the circumference of the rotor 22.
In this case, this means that the magnetic axes of the first
permanent magnets 27 include an angle of approximately
90° relative to one another. The magnetic axes of the first
permanent magnets 27 each extend perpendicularly to a
radial direction r in a cross-section through the rotor 22.
[0047] The rotor 22 further includes a second recess 24.
The second recess 24 is arranged along the circumference of
the rotor 22 in a manner displaced relative to the first
recesses 23 by at least 90°. In this case, the second recess 24
is arranged along the circumference of the rotor 22 in a
manner displaced relative to the first recesses 23 by more
than 90°. This means that each area of the second recess 24
is arranged along the circumference of the rotor 22 in a
manner displaced relative to the two first recesses 23 by
more than 90°. In the cross-section through the rotor 22, the
rotor 22 may be divided into two halves, the two first
recesses 23 being arranged in one of the halves and the
second recess 24 being arranged in the other half.

[0048] The second recess 24 does not extend through the
rotor 22 all the way to the shaft 26. The second recess 24
extends from the air gap 25 toward the shaft 26. Thus, the
second recess 24 is directly adjacent to the air gap 25.
Furthermore, the second recess 24 extends along a portion of
the circumference of the rotor 22. This means that the second
recess 24 has a curved shape. Furthermore, the second recess
24 has the shape of a segment of a circle.

[0049] A second permanent magnet 28 is arranged in the
second recess 24. The second recess 24 is larger than the
second permanent magnet 28. Thus, the second permanent
magnet 28 does not completely fill the second recess 24. In
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addition to the second permanent magnet 28, an electrically
insulating material 29 is arranged in some places in the
second recess 24. In this case, the electrically insulating
material 29 is air. Just like the second recess 24, the second
permanent magnet 28 has a curved shape and extends along
a portion of the circumference of the rotor 22. The second
recess 24 extends farther along the circumference of the
rotor 22 than the second permanent magnet 28. The electri-
cally insulating material 29 is arranged in the areas where
the second recess 24 extends farther than the second per-
manent magnet 28 along the circumference of the rotor 22.
The second permanent magnet 28 is centered in the second
recess 24, so that the electrically insulating material 29, i.e.
air from the air gap 25, is arranged on two sides of the
second permanent magnet 28.

[0050] The magnetic axis of the second permanent magnet
28 points from the air gap 25 toward the shaft 26. That is to
say, for each position along the second permanent magnet
28, the magnetic axis extends in parallel to the radial
direction r at the respective position. Thus, the magnetic axis
of the second permanent magnet 28 points to the center of
the rotor 22.

[0051] The rotor magnetic field excited by the first per-
manent magnets 27 and by the second permanent magnet 28
has four poles. The electrical machine 20 shown in FIG. 1
comprises exactly two first permanent magnets 27 and
exactly one second permanent magnet 28.

[0052] The electrical machine 20 shown in FIG. 1 can be
operated by a method in which a component of the magne-
tomotive force of the rotor 22 of an order greater than 1 is
used for torque generation.

[0053] FIG. 2 is a cross-section through a rotor 22 accord-
ing to an embodiment. The rotor 22 of FIG. 2 may be used
in the electrical machine 20 shown in FIG. 1 instead of the
rotor 22 shown in FIG. 1. The rotor 22 shown in FIG. 2
differs from the rotor 22 shown in FIG. 1 in terms of shape
and arrangement of the second recess 24 and the second
permanent magnet 28. The second recess 24 has a main
direction of extension which is perpendicular to a radial
direction r in a cross-section through the rotor 22. The main
direction of extension of the second recess 24 is perpen-
dicular to the radial direction r which passes through the
center of the second recess 24. The second recess 24 is
arranged entirely within the rotor 22. This means that in the
cross-section through the rotor 22, the second recess 24 is
surrounded by the material of the rotor 22 on all sides.
[0054] The second permanent magnet 28 in the second
recess 24 has a rectangular shape in the cross-section
through the rotor 22. The magnetic axis of the second
permanent magnet 28 points from the air gap 25 toward the
shaft 26. Thus, the magnetic axis of the second permanent
magnet 28 extends in parallel to the radial direction r which
passes through the center of the second permanent magnet
28. This means that the magnetic axis of the second perma-
nent magnet 28 extends, at each position of the second
permanent magnet 28, in parallel to the radial direction r
which passes through the center of the second permanent
magnet 28.

[0055] The electrically insulating material 29 is arranged
at the respective shorter lateral edges of the second perma-
nent magnet 28. The second recess 24 in the area of the
electrically insulating material 29 may be of any shape.
[0056] The rotor magnetic field excited by the first per-
manent magnets 27 and by the second permanent magnet 28
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has four poles. The rotor 22 shown in FIG. 2 comprises
exactly two first permanent magnets 27 and exactly one
second permanent magnet 28.

[0057] FIG. 3 shows a cross-section through a rotor 22
according to another embodiment. The rotor 22 of FIG. 3
can be used in the electrical machine 20 shown in FIG. 1
instead of the rotor 22 shown in FIG. 1. The rotor 22 shown
in FIG. 3 differs from the rotor 22 shown in FIG. 1 in that
the rotor 22 comprises a total of two second recesses 24. A
second permanent magnet 28 is arranged in each of the
second recesses 24. The second recesses 24 are arranged
entirely within the rotor 22.

[0058] The second permanent magnets 28 each have a
rectangular shape in the cross-section through the rotor 22.
The second permanent magnets 28 do not each completely
fill the second recesses 24. An electrically insulating mate-
rial 29 is arranged adjacent to the second permanent magnets
28 in each of the second recesses 24. The area in which the
electrically insulating material 29 is arranged may be of any
shape. In each case, the electrically insulating material 29 is
arranged on the side of the second permanent magnet 28
which is arranged closest to the air gap 25.

[0059] The two second permanent magnets 28 are
arranged in the rotor 22 in such a way that they approxi-
mately form a V together. The second recesses 24 are spaced
apart from one another. The magnetic axes of the second
permanent magnets 28 point in different directions. For each
of the second permanent magnets 28, the magnetic axis
extends in parallel relative to the shorter lateral edges of the
second permanent magnet 28. Furthermore, the magnetic
axes of the second permanent magnets 28 point approxi-
mately toward the first permanent magnets 27.

[0060] The rotor magnetic field excited by the first per-
manent magnets 27 and by the second permanent magnets
28 has four poles. The rotor 22 shown in FIG. 3 comprises
exactly two first permanent magnets 27 and exactly two
second permanent magnets 28.

[0061] FIG. 4 shows the distribution of the simulated
magnetic flux density in the cross-section through the elec-
trical machine 20 shown in FIG. 1. The rotor magnetic field
22 has four poles.

[0062] FIG. 5 shows a schematic cross-section through an
electrical machine 20 according to another embodiment. The
electrical machine 20 has the same design as is shown in
FIG. 1, the only difference being that no first permanent
magnets 27 are arranged in the first recesses 23. Thus, the
first recesses 23 are free of permanent magnets. Thus, the
electrically insulating material 29 completely fills the first
recesses 23. In this case, the electrically insulating material
29 is air. Thus, the first recesses 23 act as flux barriers in the
rotor 22. The electrical machine 20 has exactly two first
recesses 23 which are completely filled with air, and exactly
one second recess 24 in which a second permanent magnet
28 is arranged. Operation of the electrical machine 20 shown
in FIG. 5 is possible in the same way as with the electrical
machine 20 shown in FIG. 1.

[0063] FIG. 6 shows a schematic cross-section through an
electrical machine 20 according to another embodiment. The
electrical machine 20 has the same design as is shown in
FIG. 1, the only difference being that no second permanent
magnet 28 is arranged in the second recess 24. Thus, the
second recess 24 is free of permanent magnets. Thus, the
electrically insulating material 29 completely fills the second
recess 24. In this case, the electrically insulating material 29
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is air. Thus, the second recess 24 acts as a flux barrier in the
rotor 22. The electrical machine 20 has exactly two first
recesses 23, in each of which a first permanent magnet 27 is
arranged, and exactly one second recess 24 which is com-
pletely filled with air. Operation of the electrical machine 20
shown in FIG. 6 is possible in the same way as with the
electrical machine 20 shown in FIG. 1.

[0064] FIG. 7 shows a schematic cross-section of an
electrical machine 20 according to another embodiment. The
electrical machine 20 has the same design as shown in FIG.
1, the only difference being that the magnetic axis of the
second permanent magnet 28 extends differently than is
shown in FIG. 1. In the rotor 22 in FIG. 7, the magnetic axis
of'the second permanent magnet 28 is in parallel to the radial
direction r which passes through the center of the second
permanent magnet 28. This means that, at any position of the
second permanent magnet 28, the magnetic axis of the
second permanent magnet 28 extends in parallel to the radial
direction r which passes through the center of the second
permanent magnet 28.

1. Electrical machine comprising a stator and a rotor
rotatably mounted relative to the stator, the rotor including:

two first recesses, and

at least one second recess, wherein

an air gap is arranged between the stator and the rotor

the two first recesses are arranged in the rotor and extend

completely through the rotor from the air gap to a shaft
on which the rotor is arranged,

the two first recesses are arranged in a manner displaced

relative to one another by less than 180° along the
circumference of the rotor,

the at least one second recess is arranged in a manner

displaced relative to the first recesses by at least 90°
along the circumference of the rotor,

the at least one second recess does not extend through the

rotor to the shaft, and

a first permanent magnet is arranged each in the first

recesses and/or a second permanent magnet is arranged
in the at least one second recess.

2. Electrical machine according to claim 1, wherein the
rotor magnetic field, excited by the first and/or by the at least
one second permanent magnets, comprises four poles.

3. Electrical machine according to claim 1, wherein the
magnetic axes of the first permanent magnets point in
opposite directions along the circumference of the rotor.

4. Electrical machine according to claim 1, wherein the
magnetic axes of the first permanent magnets are each
perpendicular to a radial direction (r) in a cross-section
through the rotor.

5. Electrical machine according to claim 1, wherein an
electrically insulating material or a gas is arranged at least in
some places in the first recesses.

6. Flectrical machine according to claim 1, wherein the
first recesses are each larger than the first permanent magnet
arranged therein.

7. Electrical machine according to claim 1, wherein the at
least one second recess is larger than the second permanent
magnet.

8. Electrical machine according to claim 1, wherein an
electrically insulating material or a gas is arranged at least in
some places in the at least one second recess.

9. Electrical machine according to claim 1, wherein the at
least one second permanent magnet has a curved shape.
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10. Electrical machine according to claim 1, wherein the
at least one second recess is directly adjacent to the air gap.

11. Electrical machine according to claim 1, wherein the
at least one second recess extends along a portion of the
circumference of the rotor.

12. Electrical machine according to claim 1, wherein the
at least one second recess has a main direction of extension
which is perpendicular to a radial direction (r) in a cross-
section through the rotor.

13. Electrical machine according to claim 1, wherein the
electrical machine comprises two second recesses arranged
entirely in the rotor.

14. Method of operating the electrical machine according
to any of the preceding claims, wherein a component of the
magnetomotive force of the rotor of an order greater than 1
is used for torque generation.
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